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Abstract 
In-stent restenosis after stent deployment remains an obstruction in the long-term 
benefits of stenting. This study sought to investigate the influence of the relation 
between stent length and lesion length on the mechanics of the arterial wall with 
different geometries, including straight and tapered vessels. Results showed that 
when the length of the stent was longer than the lesion length, the maximum stress 
in plaque and vessel increased as the length of stent increased. When the length 
of the stent was shorter than the lesion length, the vessel stress induced by stent 
inflation was lower; both ends of the stenosis plaque could not be fully expanded. 
When the length of the stent was equal to the lesion length, the plaque and vessel 
stress induced by stent inflation was minimal, and stent foreshortening was mini-
mal. Compared with the straight vessel, the stent implantation in the tapered ves-
sel with the same stent length resulted in greater stress in vessel and plaque, an 
increased stent recoil, and a decreased stent foreshortening. When the length of 
the stent is equal to lesion length, it may be the reasonable choice for straight ves-
sels and tapered vessels. Conclusions drawn from this article can help surgeons to 
choose appropriate stent lengths. 
Keywords: Vessel geometry, Stent length, Coronary stent, In-stent restenosis, Fi-
nite element analysis 
digitalcommons.unl.edu
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1 Introduction 
Cardiovascular disease, a global healthcare problem and the major cause of 
death and disability, accounts for 30% of the world’s deaths annually. Stent 
deployment is a common interventional procedure with high efficiency and 
minimal invasiveness compared with either angioplasty or coronary artery 
bypass surgery (Auricchio et al. 2015). However, clinical success after stent 
implantation is restricted by in-stent restenosis (ISR), a reduction in lumen 
diameter by neointima formation and stent thrombosis (ST) (Terzian et al. 
2017; Kim and Dean 2011). Many researches have testified that ISR is caused 
by many factors, one of which is the high tissue stress induced by balloon di-
lation and stent implantation. Therefore, reducing the tissue stress and bet-
ter understanding the stent expansion mechanism remain very meaningful 
in coronary intervention. 
It is widely accepted that finite element analysis (FEA) is a powerful tool 
for computational modeling, revealing the structural response of the arterial 
walls during stent implantation (Eshghi et al. 2011; Imani et al. 2013a; Imani 
2013). The factors that influence stent implantation involve the stent load-
ing method (Imani et al. 2014), the stent structural design (Hara et al. 2006; 
Lally et al. 2005; Hsiao et al. 2012; Imani et al. 2013b, 2015), the wire stent 
fabrication technique (Zhao et al. 2012a), the material of the stent (Schia-
vone et al. 2014), and the plaque and vessel geometry (Dottori et al. 2016; 
Shen et al. 2014; Wei et al. 2016). A few researchers have used FEA to study 
the effect of these factors on stent and vascular mechanical properties (Gu 
et al. 2010; Hyre and Pulliam 2008; Cui et al. 2010; Zhao et al. 2012b). For 
example, Gu et al. (2010) used a computational model in which the length 
of the stent was longer than the lesion length to study the effect of stent 
structure and the level of stenosis on ISR. Hyre and Pulliam (2008) created a 
numerical model in which stent length was equal to lesion length to study 
the effects of the degree of balloon overhang and the type of plaque on 
arterial stress. Cui et al. (2010) generated a computational model in which 
stent length was shorter than lesion length to study the effects of balloon 
length and compliance on tissue stress. However, it is obvious that the se-
lection of stent length is random in the above existing work. In the case of 
a given plaque length, the computational model they established was that 
the stent length was longer than the plaque length (Gu et al. 2010), or that 
the stent length was shorter than the plaque length (Cui et al. 2010), or that 
the stent length was equal to the plaque length (Hyre and Pulliam 2008). 
In clinical study, for any given lesion, there is a high restenotic risk asso-
ciated with longer bare metal stent lengths (Mauri et al. 2005). In random-
ized trials, longer drug-eluting stent (DES) length has been associated with 
adverse clinical events (Caputo et al. 2012). When the length of the stent 
was longer than the lesion length, Wong et al. (2005) studied the effect of 
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the ratio of stent length to lesion length on clinical and angiographic reste-
nosis after implantation of the stents. There has been limited analysis of the 
relation between the length of a target lesion and the chosen stent length 
to treat it. A systematic computational examination of the relationship be-
tween plaque length and stent length is lacking. Given an exact length of a 
narrow plaque, selecting the appropriate length of stent is of great signifi-
cance. The aim of this paper is to investigate the effects of the relationship 
of the stent length with regard to lesion length on stent expansion and ves-
sel biomechanical behavior. Conclusions drawn from this article may help 
interventional cardiologists to choose appropriate stent lengths. In order to 
get a reliable result, different vessel geometries, including straight vessels 
and tapered vessels, were considered. 
2 Materials and Methods 
2.1 Geometric Models 
The balloon-expandable Palmaz–Schatz (PS) stent was investigated in this 
study. A coronary stent model was generated using commercial software 
Pro/Engineer Wildfire 5.0 (Fig. 1). Owing to the symmetry of the structure, 
only one-sixth of the stent was used to simulate the expansion process. The 
stent was 0.12 mm in thickness, with an outer diameter of 1.45 mm. The PS 
stent consisted of six slots in the circumferential direction. 
The diameter of the balloon was equal to the inner diameter of the stent. 
The balloon was 1 mm longer than the stent on each side. The straight 
plaque had a length of 12.92 mm, inner diameter of 2 mm, and thickness 
of 0.5 mm. The straight vessel was 26 mm in length, with an inside diame-
ter of 3 mm, and a thickness of 0.5 mm. For the tapered vessel and plaque, 
detailed data are shown in Table 1. 
In this study, PS stent expansion in a coronary vessel was analyzed by 
considering different vessel geometries and stent lengths. By changing the 
length and the number of the slot, the total length of the stent was divided 
into three groups. Detailed data are summarized in Table 2. 
Fig. 1. Geometry of the stent.  
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1. The length of the stent was longer than the lesion length of 1.16–
3.16 mm with five slots in the axial direction and described as cases 
L0, L1, and L2. 
2. The length of the stent was equal to the lesion length, with four slots 
in the axial direction, and described as case M0. 
3. The length of the stent was shorter than the lesion length of 1.00–
3.16 mm, with three or four slots in the axial direction, and de-
scribed as cases S0, S1 and S2. 
The numerical results were compared in terms of stent radial recoil, 
foreshortening, stent deformation, and stress distribution in the artery 
and plaque induced by stent inflation. 
2.2 Meshing and Material Properties 
The balloon was simplified as a cylinder, which was meshed using quadri-
lateral elements with reduced integration (M3D4R), and the number of el-
ements was 3107–4784, depending on the length of the balloon. The stent 
was meshed into hexahedral elements with reduced integration (C3D8R), 
and the number of elements to mesh the stent was 2772–4536, depending 
on the length of the stent. The eight-node linear brick, reduced integration 
Table 1. Summary of dimensions for tapered artery models
Model Tapering Length (mm) Proximal end  Distal end
   Inner radius  Outer radius  Inner radius  Outer radius 
   (mm)  (mm)  (mm)  (mm)
Vessel  0.43°  26  1.50  2.15  1.31  1.87
Plaque  0.43°  12.92  1.44  1.00  1.35  0.94
Table 2. Summary of dimensions for seven different stent models.
Model       The total length (mm)      The length of slot (mm)      The number of slot
L0  16.08  2.88  5
L1  15.08  2.68  5
L2  14.08  2.48  5
M0   12.92  2.88  4
S2  11.92  2.63  4
S1  10.92  2.38  4
S0  9.76  2.88  3
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elements with hourglass control (C3D8R), was used to mesh the artery and 
plaque, four layers of elements through the thickness. The coronary artery 
and plaque system had about 15,000 elements in total for all the simula-
tions. The finite element models of the straight vessel and tapered vessel 
are demonstrated in Fig. 2. 
The stent was made of 316L stainless steel, which was modeled as a ho-
mogeneous, isotropic, elasto-plastic material with nonlinear hardening be-
havior. The stent had a Young’s modulus of 201 GPa, a yield stress of 330 
MPa, a Poisson’s coefficient of 0.3, and a limit stress of 750 MPa (Liang et al. 
2005). The material density was equal to 7.86 g/cm3. The balloon was mod-
eled using a linear elastic material with Young’s modulus of 400,000 MPa, 
Poisson’s coefficient of 0.3 (Gervaso et al. 2008). The coronary artery and 
stenotic plaque were modeled as an Ogden hyperelastic isotropic constitu-
tive model. The Ogden hyperelastic strain energy potential is given by the 
following equation, 
                               3                                             3
W = ∑ 2μi (λ1αi + λ2αi + λ3αi – 3) + ∑  
1
  (J – 1)2i                    (1) 
                                                  i=1 
αi2
                                      i=1 
Di
where λi (i = 1, 2, 3) are the principal stretches, and μi, αi, and Di are the 
model parameters, which were adopted from the article (Schiavone et al. 
2014). In this model, μi and αi describe the shear behavior of the material 
and Di represents the compressibility. Detailed parameters are summarized 
in Table 3. 
2.3 Boundary Conditions and Loading 
Symmetric constraints were exerted on the corresponding symmetry planes 
of the stent, coronary artery, and stenotic plaque. The middle end of the 
stent was fixed, and the circumferential rotation was prohibited. In order to 
Fig. 2. Finite element models of a) straight vessel and b) tapered vessel.  
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avoid rigid-body motions, the coronary artery and plaque were constrained 
in the circumferential direction and longitudinal direction on the symme-
try planes. Both ends of the balloon were fully fixed to mimic the condition 
in relation to the catheter. All components were allowed to move only in a 
radial direction. 
A uniform displacement load was applied to the inner surface of the 
balloon, so that the stent was dilated to the maximum outside diameter of 
3.3 mm. The stent deployment process was carried out using ABAQUS/Ex-
plicit solver, in which the inflation time was 30 ms, and the deflation time 
was 20 ms. For the sake of getting reasonable results, the kinetic energy of 
the whole analysis was monitored, and the ratio of kinetic energy and in-
ternal energy was less than 5–10%. A finite-sliding, hard contact between 
the balloon’s outer surface and the stent’s inner surface was defined. There 
were five contact pairs between the balloon, stent, plaque, and blood ves-
sels in total, and the friction coefficient was defined as 0.2. The interfaces 
between artery and plaque were assumed to be coherent and considered 
as perfectly bonded. 
2.4 Post-processing of Results 
In this study, the stent radial recoil, foreshortening, and maximum stress in 
the artery–plaque system at the end of the deflation step were defined as 
follows, 
Stent tapering = (Dpro – Ddis) = Dpro × 100%                         (2) 
Stent recoil = (D0 – D1) = D0 × 100%                             (3) 
Stent foreshortening = (L – Ldeflation)/L × 100%                      (4) 
where Dpro and Ddis are the proximal and distal diameters of the stent after 
expansion, respectively. L and Ldeflation are the initial and final lengths of the 
stent, respectively. D0 and D1 are the initial and ultimate lengths of the stent, 
respectively. 
Table 3. Coefficients of the Ogden model used to describe the material behavior of the 
plaque and vessel.
Material  ρ (kg/mm3)  μ1  μ2  μ3  α1  α2  α3  D1
Vessel  1.066E-6  –1.23  0.88  0.45  16.59  16.65  16.50  5.31E-6
Plaque  1.45E-6  0.084  –  –  20.82  –  –  2.70E-7
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3 Results 
3.1 Effect of the Relation Between Stent Length and Lesion Length on Arte-
rial Mechanics 
Following the stent expansion to the nominal diameter, the stress distribu-
tion in the vessel is shown in Fig. 3. The maximum Von Mises stress in the 
vessel was 104 Kpa in case M0 after stent deflation. However, the vascular 
stress in case L0 increased by 60% compared with case M0. In the tapered 
vessel, after comparing case L0 and case M0, it was shown that an increase in 
stent length from 11.92 to 16.08 mm resulted in an increase in vessel stress 
from 121.5 to 211.4 Kpa. The vascular stress in cases S0 and M0 was low-
est whenever the stent was dilated in a straight vessel or a tapered vessel. 
When the length of the stent was longer than the lesion length, the maxi-
mum stress in the vessel increased as the length of stent increased. 
The Von Mises stress distribution in straight and tapered vessels in cases 
S0, M0, and L0 is shown in Fig. 4. Compared with the straight vessel, the stent-
induced stress in the tapered vessel was larger when the stent with same 
length was used. In all the simulations, the highest vessel stresses were lo-
calized in the areas which were close to the distal/proximal end of the ste-
nosis plaque. A potential injury to the vessel might occur at these critical 
zones. For the tapered vessel, greater stress in the distal end of the vessel 
was observed. 
Fig. 3. Von Mises stress in vessel with different stent lengths.  
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3.2 Effect of the Relation Between Stent Length and Lesion Length on Plaque 
Deformation 
After stent expansion, the stress distribution in the plaque is shown in Fig. 
5. The level of the stent length had a significant impact on the stress of 
the plaques. For instance, the maximum Von Mises stress in the tapered 
Fig. 4. Von Mises stress distribution in straight vessel (left) and tapered vessel (right) 
following stent expansion in a) S0 model; b) M0 model; c) L0 model.  
Fig. 5. Von Mises stress in plaque with different stent lengths.  
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plaque was 5.70 Mpa in case L0, which was 9.6, 97, and 235% larger than 
cases S1, S2, and M0, respectively. It is worth noting that the plaque stress 
in cases S0 and M0 was lowest. When the length of the stent was longer 
than the lesion length, the maximum stress in the plaque increased as the 
length of stent increased. 
The Von Mises stress distribution in straight and tapered plaques in cases 
S0, M0, and L0 is presented in Fig. 6. The length of the stent was shorter than 
the lesion length as was in case S0. The minimum stress was localized in the 
distal/ proximal end of the plaque, in which the radial displacement of the 
plaque following expansion was minimal. This indicated that both ends of 
the plaque could not be fully expanded. When the length of the stent was 
longer than the lesion length, the maximum stress was localized in the dis-
tal/proximal end of the plaque where the stent and the plaque were directly 
in contact. 
3.3 Effect of the Relation Between Stent Length and Lesion Length on Stent 
Deformation 
As shown in Fig. 7, when the length of the stent was equal to the lesion 
length, the stent foreshortening was minimal, which indicates that the stent 
Fig. 6. Von Mises stress in straight plaque (left) and tapered plaque (right) follow-
ing stent expansion in a) S0 model; b) M0 model; c) L0 model.  
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with this length can cover the stenosis plaque. In the straight vessel, the 
stent foreshortening in L0 model increased by 81% compared with M0 model. 
Compared with the straight vessel, the stent foreshortening decreased after 
stent implantation in the tapered vessel. 
As shown in Fig. 8, the outer diameter of the middle of the stent was less 
than the distal in the case L0. This phenomenon may be explained by the fact 
that the severely stretched vessel-plaque system at the middle section, hav-
ing a stronger tendency to recover its original shape, exerted pressure on 
the stent, causing more recoil at the middle part during the end of the de-
flation process, which was the ‘‘dog-boning’’ effect. When the length of the 
stent was shorter than the lesion length, the stent recoil was nearly uniform. 
As shown in Fig. 9, the outer diameter of the stent gradually decreased 
from its proximal end to its distal end after deflation. When stent length was 
shorter than 14.08 mm, the stent tapering increased with the length of stent 
increasing. The stent tapering in the cases S0, S1, S2, M0, and L1 was 3.3, 3.6, 
4.4, 4.5, and 5.5%, respectively. The areas of maximum stress in the stent af-
ter expansion were concentrated in the corners of the diamond cells of the 
stent. When the length of the stent was longer than 14.08 mm, both ends 
of the stent recoil were less than the middle of the stent. Compared with 
the straight vessel, the stent recoil increased after stent implantation in the 
tapered vessel. 
Fig. 7. Stent foreshortening with different stent lengths.  
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Fig. 8. Stent recoil in straight vessel with different stent lengths.  
Fig. 9. Stent recoil in tapered vessel with different stent lengths. 
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4 Discussions 
In clinical studies, numerous researchers have studied the effect of stent 
length on clinical outcome. A clinical report has shown that when DES was 
longer than 31.5 mm, higher rates of ST and mortality were observed (Suh 
et al. 2010). Foley et al. (2001) studied that the length of the stent was asso-
ciated with angiographic restenosis and major adverse cardiovascular events 
when the length of the stent was longer than the lesion area length of 4–8 
mm and divided into five groups. Zbinden et al. (2017) analyzed the influ-
ence of stent length and stent diameter on ISR and showed that when stent 
diameter is greater than 3.0 mm and lesion length is less than 15 mm, it was 
worth recommending to use DES instead of bare metal stents (BMS). Kas-
aoka et al. (1998) found that minimizing the total stent length may reduce 
in-stent restenosis during the procedure. 
In numerical simulation, when the length of the stent was longer than the 
lesion length, Imani et al. investigated the stent structural design and loading 
method on arterial biomechanical behavior. He found that the plaque had a 
nonuniform deformation in the radial direction. At the same time, the diam-
eter at the end sides was larger than that of the middle of the stent (Imani 
et al. 2013b, 2014), which was in agreement with our work. 
In this paper, the effect of different stent lengths and vessel geometry has 
been investigated by means of the finite element method. A digital model 
of stent expansion in tapered vessels and straight vessels has been devel-
oped to evaluate whether the relationship of the stent length with regard 
to lesion length may be significant when choosing a stent in clinical prac-
tice. The Von Mises stress level could serve as the indicator of plaque rup-
ture and vessel damage. 
When the length of the stent was longer than the lesion length, the stent 
could cover the diseased coronary artery. However, it also resulted in greater 
stress in the plaque and vessel after stent expansion. This result agreed with 
the clinical research that the longer stent resulted in a greater rate of reste-
nosis (Foley et al. 2001; Kasaoka et al. 1998). When the length of the stent 
was shorter than the lesion length, the vessel stress induced by stent infla-
tion was lower. Nevertheless, both ends of the stenosis plaque could not 
be fully expanded. 
Compared with the straight vessel, the stent implantation in the tapered 
vessel with the same stent length resulted in greater vessel and plaque 
stress, and the Von Mises stress of the plaque–artery system gradually in-
creased from its proximal end to its distal end during stent expansion. The 
result showed good agreement with the findings of the numerical simula-
tion study (Shen et al. 2014). The result also indicated an increased stent 
recoil and a decreased stent foreshortening after the stent implantation in 
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the tapered vessel. Meanwhile, when the length of the stent was greater 
than the lesion length, the incomplete stent apposition was observed at the 
proximal end of the artery. This might imply ST events as well as ISR (Dot-
tori et al. 2016). 
In order to reduce the occurrence of ISR and stent thrombosis, the 
plaque–vessel system stress caused by stent expansion should be consid-
ered. Fortunately, when the length of the stent is equal to the lesion length, 
this stent length can achieve a trade-off between the stent longer than le-
sion length and the stent shorter than lesion length, resulting in an accept-
able plaque–vessel system stress. Furthermore, this stent length is also as-
sociated with the lowest attainable restenosis rate (Mauri et al. 2004). At 
the same time, the longer bare metal stent lengths resulting in a high reste-
notic rate. The longer DES length has been associated with adverse clinical 
events (Mauri et al. 2005; Caputo et al. 2012).Therefore, when the length of 
the stent is equal to the lesion length, it may be the reasonable choice for 
straight and tapered vessels. 
5 Conclusions 
In the present work, the accurate digital model is reconstructed, and the 
numerical simulation of stent implantation is carried out in detail. Differ-
ent vessel geometries and the length of the stent are taken into consider-
ation to explore the stent expansion mechanism, and the main conclusions 
are as following: 
The effect of the stent length has shown, in fact, that a length change 
about 1 mm corresponds to very large amplitudes for the Von Mises stress. 
When the length of the stent is longer than lesion length, the maximum 
stress in plaque and vessel increased as the length of stent increased. The 
study showed that vessel geometry has a significant effect on arterial stress. 
Stent expansion in tapered vessels resulted in greater plaque and vessel 
stress, and an increased stent recoil and a decreased stent foreshortening. 
When the length of the stent was equal to the lesion length, the plaque 
and vessel stress induced by stent inflation were minimal, and the stent fore-
shortening was minimal. This indicated that the stent may cover the diseased 
artery. Therefore, the length of the stent was equal to lesion length, which 
may be the reasonable choice for straight vessels and tapered vessels. The 
result provides some useful proof which may be used for clinicians to make 
lifesaving decisions and choose appropriate stent lengths.      
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